Introduction
Sulfur dioxide is one of the major air pollutants, causing environmental concern in recent decades. 1 Such a pollutant is released into the atmosphere during volcanic emission, the combustion of coal and oil, petroleum refining and melting of ores. 1, 2 Sulfur dioxide is a major contributor to the formation of acid rain. [1] [2] [3] [4] [5] It is widely used as an antioxidant in the pharmaceutical industry, 6, 7 as a bleaching agent in the paper and pulp industries, 8 as a food preservative and as a refrigerant. 9, 10 With growing concern over sulfur dioxide as an air pollutant, reliable methods for its determination are continuously being reported, [11] [12] [13] [14] [15] [16] [17] [18] for example: titrimetry, 11, 13, 19 ,20 spectrophotometry, 15, 16, 21, 27 chemiluminiscence, 28, 29 chromatography, 17,30-32 fluorometry 33 and nephelometry. 34 Among those methods, a few are sufficiently sensitive, 23 some require strict control of the pH 22 and there are methods which have a narrow detection range. 26, 27 The established titrimetric methods 11, 13, 19, 20 are normally employed for the determination of sulfur dioxide in higher concentrations, whereas sensitive methods, like spectrophotometry, 15, 16, 21, 27 fluorometry, 33 nephelometry 34 and HPLC, 17, [30] [31] [32] are used for its lower concentrations. In one of the spectrophotometric methods, 35 rosanaline is used as a reagent, which is considered to be toxic, 36 and also requires the reagent to be contained in a brown bottle and stored in a refrigerator. The AOAC spectrophotometric method 25 involves the dye thymol blue, which obviously necessitates strict control of the pH; the method has a narrow detection range of sulfur dioxide.
In these respects the proposed method involving a tested reagent is considered to be superior. Since the prepared reagent is stable for more than two weeks, it does not require either strict control of the pH or storage in a refrigerator. The reagent can be applied to a wide detection range of sulfur dioxide. However, the proposed method is a redox reaction, 25 and indeed there is intereference of the reductants.
Therefore, an interference effect of common air pollutants, such as hydrogen sulfide, nitrite and formaldehyde, on the determination of sulfur dioxide was studied, and the tolerance limits of those interferents were also established. The reliability of the method was also tested by a parallel determination of sulfur dioxide using an official method. 35 dissolving 0.38 g of chloramine-T in 5 ml of acetic acid in a dry beaker and 0.12 g of iodine separately in 5 ml of acetic acid. Both of these solutions were transferred into a 25 ml volumetric flask and diluted to the mark with acetic acid. The solution was 0.05 M with respect to iodine monochloride. From this, an aliquot was further diluted to 100 ml with 1 M sulfuric acid to obtain a 0.01 M solution.
A triethanolamine (TEA) 1.5% solution was prepared by dissolving 15 g of triethanolamine (specific gravity, 1.124) in 1 l of distilled water. 25 General procedure for spectrophoptometric method A series of labeled 10 ml volumetric flasks were arranged. To each of the flasks, 5 ml of 0.01 M iodine monochloride, followed by 0.2 -4 ml standard sulfur dioxide solutions (5 -100 µg), were added and the solution in each one of them was diluted to the mark with distilled water. The solutions were mixed well and kept at room temperature for about 15 min. The absorbances of the solutions were measured at 460 nm against a reagent blank, which was prepared like a standard but without sulfur dioxide.
General procedure for titrimetric method
One milliliter of a 0.05 M iodine monochloride solution, followed by 1 ml of a 10% potassium iodide solution, were taken in an iodine flask and shaken well after closing the lid. To this flask aliquots of the sample solution containing 0.1 -1.5 mg of sulfur dioxide were added and shaken well for about 1 min. Then, the remaining iodine was titrated against a standardized sodium thiosulfate solution using starch as an indicator to the endpoint of disappearance of the blue color. In the same way, without the sulfur dioxide solution, the volume of sodium thiosulfate solution consumed was determined from the volume difference of the sodium thiosulfate solution by 1 ml of a 0.05 M reagent; the amount of sulfur dioxide was calculated using the following relation: 1 ml of 1 M sulfur dioxide = 1 ml of 2 M iodine.
Trapping the sulfur dioxide from air
After 35 ml of a 1.5% TEA solution was transferred into a flask of the air-sampling apparatus, air from outside the room was pumped through the flask for 4 h at a flow rate of 1.3 dm 3 /min. Any loss of the trapping solution due to evaporation was restored by adding a 1.5% TEA solution after the termination of sampling.
Spectrophotometric determination
One ml aliquot of an air-trapped solution, a known volume (0.2 -1.6 ml) of the prepared standard sulfur dioxide solution, 1.5 ml of 1 M sulfuric acid and 5 ml of 0.01 M iodinemonochloride solutions in the respective order were transferred into each of the labeled 10 ml volumetric flasks, and the solutions were finally made up to the mark using distilled water. They were then proceeded as recommended in the general procedure.
Results and Discussion
The prepared iodine monochloride reagent oxidizes sulfur dioxide to sulfate under an acidic condition, thereby releasing iodine. 25 The amount of liberated iodine is proportional to the concentration of sulfur dioxide. 25 The liberated iodine could also be used up by sulfur dioxide to form iodide, 37 which in turn combines with iodine to form triiodide. 40, 41 The so produced triiodide associates with the large sulfonamide cation. 42 The formation of such an ion-pair is considered to provide color stability to the system 42 for more than 2 h. The stoichiometry between the iodine monochloride and sulfur dioxide reaction was determined by Job's method, 43 and the value was found to be 1:2 with respect to sulfur dioxide and iodine monochloride.
Optimization
First, 0.05 M iodine monochloride was further diluted separately, either with glacial acetic acid or 2 M hydrochloric acid or 1 M sulfuric acid to obtain a 0.01 M iodine monochloride solution. Then, three series, each series having three labeled 10 ml volumetric flasks, were arranged. To each flask of the first series, 5 ml of 0.01 M iodine monochloride in glacial acetic acid was added. To each flask of the second series, 5 ml of 0.01 M iodine monochloride in 2 M hydrochloric acid was added. To each flask of the third series, 5 ml of 0.01 M iodine monochloride in 1 M sulfuric acid was added. To the flasks of each series, measured but various volumes (0.2, 0.4 and 0.6 ml) of sulfur dioxide (250 µg ml -1 ) solutions were added. All of the solutions were diluted to the mark with distilled water. The
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ANALYTICAL SCIENCES MAY 2006, VOL. 22 The absorbance values were found to increase linearly along with an increase in the concentration of sulfur dioxide, and also the color of the solutions was stable for more than 2 h. Therefore, iodine monochloride in 1 M sulfuric acid was more preferred than either in glacial acetic acid or in 2 M hydrochloric acid for the determination of sulfur dioxide. Further, six labeled 10 ml volumetric flasks each containing 5 ml of 0.01 M iodine monochloride diluted either with 0.5 or 1 or 1.5 or 2 or 2.5 or 3 M sulfuric acid were arranged. To each flask, 2 ml of a sulfur dioxide (250 µg ml -1 ) solution was added. The solutions were diluted to the mark with distilled water. The absorbances of the solutions were measured at 460 nm against the respective blank. The absorbance values were found to be 0.281, 0.274, 0.250, 0.233, 0.209 and 0.181, respectively, for iodine monochloride in 0.5, 1, 1.5, 2, 2.5 and 3 M sulfuric acid. The absorbance values indicated that the solution containing iodine monochloride in 0.5 M sulfuric acid appeared to be sensitive, but the color of the solution was found not to be stable with respect to time. However, the color of the solutions containing iodine monochloride in one or higher molar sulfuric acid remained stable for more than 2 h. Considering the color stability, sufficient sensitivity and advantage of handling of 1 M sulfuric acid, 44 it was used throughout the experiment to dilute iodine monochloride.
Effect of the concentration of iodine monochloride
Three series, each series containing 6 labeled 10 ml volumetric flasks, were arranged. To each flask of the first series, 5 ml of 0.005 M iodine monochloride in 1 M sulfuric acid was added. To each flask of the second series, 5 ml of 0.01 M iodine monochloride in 1 M sulfuric acid was added. To each flask of the third series, 5 ml of 0.015 M iodine monochloride in 1 M sulfuric acid was added. To each series of the flasks aliquots of 0.2 -4.5 ml of sulfur dioxide solutions were added and made up to the mark using distilled water. The absorbances of the solutions were measured at 460 nm against the respective blank. The absorbance values obtained for the first series of the solutions, which were treated with 0.005 M iodine monochloride, showed a quantitative linear relation with the concentration of sulfur dioxide in the range 2 -40 µg ml -1 . However, the absorbance values obtained for the second series of the solutions that were treated with 0.01 M iodine monochloride showed a quantitative linear relation with the concentration of sulfur dioxide in the range 5 -100 µg ml -1 . Finally, the absorbance values obtained for the third series of solutions that were treated with 0.015 M iodine monochloride showed a quantitative linear relation with the concentration of sulfur dioxide in the range 8 -140 µg ml -1 . Therefore, the detection range of sulfur dioxide could be either decreased or increased by varying the concentration of iodine monochloride.
The spectrophotomeric method as well as the titrimetric method were applied for the analysis of sulfur dioxide within a day and between the days. The obtained results varied by less than 3% in the spectrophotometric method, and less than 1.5% in the titrimetric method. The reliability and reproducibility of the methods were concluded by the F-and t-test values, which are given in Tables 3 and 4 . The proposed spectrophotometric method was applied for the analysis of sulfur dioxide in the air, and the reliability of the method was tested by parallel 759 ANALYTICAL SCIENCES MAY 2006, VOL. 22 Official method/ µg ml -1 (±SD) 35 Tabulated values at 95% confidence limit are 2.365 and 6.59 for tand F-tested, respectively. a. Average of five determinations. 35 The obtained results are given in Table 5 .
Effect of interferants
The tolerance limit of the common air pollutants, namely, hydrogen sulfide, nitrite and formaldehyde, for an experimental solution containing 50 µg ml -1 of sulfur dioxide was tested by studying the effects of these on the absorbance of the experimental solution. The maximum tolerance limit values are given in Table 1 . Nitrite did not interfere up to the 20 µg level. At higher levels, a decrease in the absorbance was noted; however, interference up to 110 µg of the NO2level was overcome by the addition of 0.5 ml of 0.5% sulfamic acid to the sample before analysis. 25 
Conclusion
The proposed spectrophotometric as well as titrimetric methods for the determination of sulfur dioxide are simple, rapid, sufficiently sensitive and yield reproducible results without involving critical maintenance of the experimental conditions. The reliability of the proposed methods was established by comparing the results obtained with official methods. 35, 37 The standard deviation as well as the calculated t-test and F-test values reveal that the accuracy and precision are affordable by both methods. The proposed spectrophotometric method can serve either as an alternative or parallel to the official method 35 for the determination of sulfur dioxide as its pure sample (sodium metabisulfite) or air sample (1.49 µg/M 3 ) by the standard addition method.
